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Abstract
This paper describes Superwind HTS machine laboratory setup which is a small scale HTS machine designed and
build as a part of the eﬀorts to identify and tackle some of the challenges the HTS machine design may face. One of the
challenges of HTS machines is a Torque Transfer Element (TTE) which is in this design integral part of the cryostat.
The discussion of the requirements for the TTE supported with a simple case study comparing a shaft and a cylinder as
candidates for TTE are presented. The discussion resulted with a cylinder as a TTE design rated for a 250Nm and with
more then 10 times lower heat conduction compared to a shaft. The HTS machine was successfully cooled to 77K and
tests have been performed. The IV curves of the HTS ﬁeld winding employing 6 HTS coils indicate that two of the coils
had been damaged. The maximal value of the torque during experiments of 78Nm was recorded. Loaded with 33%, the
TTE performed well and showed suﬃcient margin for future experiments.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
The torque of the wind turbine scales as P/ω, where the P is power and ω is speed of the turbine. Due
to the tip speed limitation, the speed needs to decrease with increasing power rating[1]. For a direct drive
concept where a generator will need to have same rated torque as the turbine, the wind generator is a large
machine [2],[3]. An HTS machine can increase the torque density of the electrical machine and serve as an
alternative to a large conventional generator[4].
As a part of the eﬀorts to identify and address some of the challenges the design of an HTS machine
may face, we have designed and constructed the HTS machine laboratory prototype. This paper contains
the description of the setup and the reasoning behind some of the choices made in the design.
2. Superwind An HTS machine laboratory prototype
The Superwind setup, illustrated in the Fig.1a, is a synchronous machine with an HTS ﬁeld winding and
a conventional armature winding. It consists of a room temperature armature which rotates around stationary
HTS ﬁeld winding placed inside of a stationary cryostat. The low temperature chamber of the cryostat is
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ﬁlled with liquid nitrogen (LN2), where cooling of the HTS ﬁeld winding to the 77K was performed by
evaporation of the LN2 on the atmospheric pressure. The HTS ﬁeld winding is supplied from dc power
supplies controlled via a PC running the LabView software.
(a) Superwind HTS machine (b) Superwind cryo-
stat
Fig. 1: (a) Superwind setup- The conventional armature winding is rotating around the HTS ﬁeld winding which is enclosed inside
an open top LN2 cryostat. The armature is driven by the belt coupled induction motor controlled by the frequency converter. The HTS
ﬁeld winding is lowered to the LN2 chamber from the top of the cryostat. (b) Cross section of the cryostat- The cross section of
3D CAD model of the cryostat is shown. The low temperature chamber is colored blue, the thermal expansion compensator red, and
Torque Transfer Element (TTE) green.
2.1. The armature winding
A three phase two pole armature with distributed windings was adopted from a high speed 690V, 22kW,
50Hz induction machine. The armature winding is connected in a Y connection where all terminals are
accessible through 4 slip rings mounted on the metal bore the armature was placed in. The speed of the
armature can be adjusted from 0 to 400rpm. The armature steel stack of M800 − 50A silicon steel has
an axial length of 150mm and a bore diameter of 160mm where the three phase single layer winding is
distributed over 36 slots with 108 turns in each of the phase windings.
2.2. The Cryostat
To allow open system cooling via LN2 evaporation, the orientation of the cryostat and the three phase
winding is vertical. Two 316L stainless steel (SS) sheets of 1.5mm thickness have been pressed rolled and
welded into two cylinders with an outer diameter of 158mm and 143mm respectively. The space in between
the inner and outer wall contains 30 layers of Multi Layer Insulation (MLI) and was afterwards evacuated
to the high vacuum (in the range of 10−5mbar).
A corrugated bellow was placed on the top of the cryostat outer wall to accommodate deformation due to
the thermal stress between outer and inner walls of the cryostat. This cryostat has integrated Torque Transfer
Element (TTE) placed at the bottom of the cryostat. As the name suggests, this element ensures mechanical
coupling between a stationary support and a ﬁeld winding and is rated for 250Nm including safety factors.
Design constraints for the outer diameter of the cryostat, the integral thickness of the cryostat in the
radial direction, the mechanical clearance between the outer wall and the rotating armature, the inner wall,
and the HTS winding are all set to be 158mm, 9mm, 1mm and 0.5mm, respectively. No strict constraint
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has been deﬁned for the axial length of the cryostat. The resulting magnetic air gap between the rotating
armature winding and the stationary HTS ﬁeld winding is 10mm.
(a) TTE case study (b) Ratio of the radii and cross sections for the shaft and the cylinder
Fig. 2: (a) TTE candidates exposed to the torque T- The stress distribution in the TTE for the case TTE is a shaft or a cylinder.
The maximum stress will occur at the largest radius. (b) Ratio of radii and cross sections for shaft and cylinder- The derived ratio
of the cross sections of the shaft and cylinder with the same maximum sheer stress in the material when exposed to the same torque,
as a function of the wall thickens of the cylinder normalized to the outer radius of the cylinder is presented with the black trace. The
red trace deﬁnes the ratio of the radii of the shaft over cylinder as a function of the wall thickness of the cylinder normalized to the
outer radius when both are equally strong (same torque capability). Thus, the shaft with the same mechanical capability to transfer the
torque as for example the cylinder with the radius (outer) of 1m and wall thickness of 3cm (which is 3% of the outer radius) would
need to have radius of 0.5m. This is indicated with the green dashed line going from 3% for the horizontal axis and reading the value
for the red trace on the right axis. To compare now the heat conduction of these two, the value of the black trace for the 0.03 is found
on the left axis for the black trace. The conclusion is that the cylinder would have ≈ 4 time lower heat conduction. In the case of the
TTE integrated in Superwind cryostat design, the wall thickness is 0.1%.
2.3. The Torque Transfer Element-TTE
A Torque Transfer Element (TTE) is a structural element in superconducting machines with two main
functions. Primary, it creates mechanical coupling between an HTS ﬁeld winding and the ’world’ (de-
pending of the design, the ’world’ can be a shaft, a housing or something else) with rated load capability
corresponding to the maximum machine torque. Secondly, a TTE should also thermally insulate cold HTS
from warm ’world’. Thermal insulation and mechanical strength as objectives in the design are contradictory
as most of the materials with good mechanical properties are very often excellent thermal conductors.
Simple analysis of the TTE performance will be carried out by comparing the performance of a shaft and
a cylinder. Due to the vertical orientation only torsion is considered as a mechanical load and no bending
moments are included. When exposed to the torsion torque, T , the stress distribution in the material is a
linear function of the distance from the axis around which the torsion torque acts[5]. The largest sheer stress,
τmax, will always occur at the largest radius. This is illustrated in Fig.2a for the shaft and the cylinder where
Rs, Rc−out, Rc−in and δwall = Rc−out − Rc−in are radius of the shaft, outer and inner radii of the cylinder and
thickness of the wall of the cylinder. The connection between the torsion torque, T and maximum sheer
stress in the material τmax is expressed with
T =
∫
rdF =
∫
rτdA =
∫
r
r
R
τmax︸︷︷︸
τ
dA =
τmax
R
∫
r2dA −→ J τmax
R
(1)
where J is a polar moment of inertia of the particular cross section of interest. To compare these two
conﬁgurations for the TTE with the dimensions of Rs for a shaft radius and Rc−out and Rc−in for a outer and
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inner cylinder radius, respectively, both TTE will need to have same torque capability. The relationship
between dimensions of the shaft and cylinder, if both are equally strong (same torque and same τmax) is
derived using (1) and can be expressed as
Ts = Tc → Js τmaxRs = Jc
τmax
Rc−out
→ Rs = 3
√
R4c−out − (Rc−out − δwall)4
Rc−out
(2)
where the Js = 0.5πR4s and Jc = 0.5π(R
4
c−out − R4c−in) was used. From (2) we can notice that for the one Rs,
there are a number of pairs of (Rc−out, δwall) which will satisfy (2). It is possible thus to deﬁne the ratio of the
radii of these two as a function of a wall thickness of the cylinder, where for each wall thickness this ratio
will be fully deﬁned. If the wall thickness of the cylinder is normalized to the outer radius of the cylinder,
the ratio is deﬁned with (3).
Rs
Rc−out
=
(
R4c−out−(Rc−out−δwall)4
Rc−out
)1/3
Rc−out
=
(
1 − (1 − δ%wall)4
)1/3
(3)
Now, let’s compare the heat conduction trough these two by deﬁning the ratio of the cross sectional
areas. The ratio of the cross sections is expressed by (4) and is also a function of the cylinder wall thickness.
Qs
Qc
→ As
Ac
=
πR2s
π(R2c−out − (Rc−out − δwall)2)
=
(R
4
c−out−(Rc−out−δwall)4
Rc−out )
2/3
R2c−out − (Rc−out − δwall)2
=
3
√
(1 − (1 − δ%wall)4)2
1 − (1 − δ%wall)2 (4)
Both (3) and (4) have been plotted at the Fig.2b. From this ﬁgure it is clear that the larger radius of
the cylinder will require thinner wall thickness for a same torque and that it will also result with the TTE
with smaller cross section. This analysis implies that not only the cylinder has the potential to decrease the
conductive heat transfer compared to the shaft in the role as a TTE, but also it will require less material and
thus be lighter too.
2.4. The HTS winding
Fig.3a illustrates the HTS ﬁeld winding and its main parts. The space allocated for the HTS coils can
accommodate maximum 8 single HTS coils, each 5mm thick. All coils are placed between 4 aluminum bars
which are screwed into the top and bottom shaft. The aluminum bars are acting as housing for the HTS coils
and the cold steel providing all the mechanical support for the HTS ﬁeld winding.
The position of the coils can be adjusted with a spacer placed in between the coils in the HTS ﬁeld
winding. The coil stack is ﬁxed together with four treads and 8 nuts placed in each corner of the coil. To
utilize the versatility of the HTS ﬁeld winding, each coil can have separate leads. The current leads are led
to the screw terminal where connections can be altered without interfering with the coil arrangement itself.
Maximum ﬂexibility of the experimental setup is achieved if the each of the current lead is brought outside
of the cryostat.
2.4.1. The HTS coil design
All HTS coils, illustrated in Fig.3b, have uniform design which as a consequence allows evaluation of
the coils on the basis of engineering current density achieved by each coil. In this way not only that an
HTS conductor is tested in various conditions but also the coil design and manufacturing procedure is tested
as well. The factors like electrical insulation of HTS and mechanical support do impact the engineering
current density of a coil and should be included in the analysis. The coils are impregnated with epoxy and
are designed to ﬁt onto a coil frames made from 316L stainless steel. The HTS tape is soldered to copper
terminals at both ends of the coils. More details about the coils can be found in [6]. Depending on the type
of HTS tape, insulation employed, cooling requirements, etc., the number of turns for the diﬀerent coils
varies.
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(a) The HTS ﬁled winding (b) The HTS coils
Fig. 3: (a)-2D cross section of the HTS ﬁeld winding with the HTS coils. (b)- The HTS ﬁeld winding and HTS coils
All coils have access to a four point voltage measurement across the coil as well as several sections (one
or more) in the middle of the winding. The measurement points are accessible on a printed board mounted
on the frame of the coil. This allows evaluation of the potential diﬀerence in the performance of the outer
and the inner part of the coils (turns are not exposed to the same magnetic ﬁeld).
3. Experimental results
The individual IV curves for each of the HTS coils are presented in the Fig.4a. The power ﬁt have been
performed according to the expression
Ecoil =
Vcoil
Lcoil
=
1
Lcoil
∫ Lcoil
0
E0
(
I
Ic
)n
(5)
where Ecoil and Vcoil are the average electric ﬁeld along the length of the HTS tape and voltage of the
coil as measured, respectively. The Lcoil is a length of the HTS tape in the coil while Ic, n are critical current
and transition coeﬃcient of the coil. The E0 = 1μ V/cm is the criteria used for the electric ﬁeld in the HTS
tape when current in superconductor is equal to a critical current. It is important to keep in mind that the Ic
determined from the coil voltage could lead to overestimates in the current rating of the HTS coil, especially
if the ﬂux distribution across the HTS coil contains large gradients and because of that the condition (5)
should be used with caution when deriving the Ic of the coil.
Looking at the Fig.4a, we can observe that coils Coil#2, Coil#3, Coil#5 and Coil#6 do have critical
currents > 60A which is expected. As the coils are mounted on the cold steel (steel 37 in the Fig.3a) and the
magnetic ﬁeld created by the individual coil cannot saturate the cold steel, the ﬂux conditions are favorable
for the coils as most of the ﬂux is located in the steel and the stray ﬂux is mostly parallel to the HTS tapes.
That is the reason why 1G coils, namelly Coil#2, Coil#3 and Coil#5 are exhibiting rather high Ic values,
81.3A, 81.0A and 88.3A respectively. The n value is close to 14 for all 1G coils. As for the 2G coils, Coil#6
with the Ic of 72A and n value of 46, has performed as expected. Unfortunately, two other 2G coils, Coil#7
andCoil#8, have been damaged during winding procedure which has reduced the Ic of these coils to 12A and
30A respectively. Since the coils are with defect, the IV curves are showing dominant resistive component
with low n value of 2.8 and 3.0, respectively. Further studies have concluded that the delamination of the
HTS tape during cool-down was most probable cause of the low Ic of the coil.
For the machine operation, all HTS coils in the ﬁeld winding had to be connected in serial connection.
If this set of coils was used the current would be limited to only 10A. Thus the coils Coil#7 and Coil#8 were
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(a) Individual coils (b) Serial connection
Fig. 4: (a) - The individual IV curves for Coil#2, Coil#3, Coil#5, Coil#6, Coil#7, Coil#8 are presented. (b)The IV curves for the
same set of coils connected in serial connection. The coils Coil#7, Coil#8 have not been included in this test.
not included and IV curve for the HTS ﬁeld winding with 4 coils connected in series is presented in the
Fig.4b. When coils are powered with currents, the coil reaching the Ic of 48A ﬁrst is Coil#3. Coils Coil#2
and Coil#5 are not indicating that they are close to the Ic while Coil#6 do exhibit small voltage increase for
the currents above 50A.
During the course of experiments, several machine tests have been performed as well. The value of the
No-load phase voltage recorded for the HTS ﬁeld winding in this conﬁguration has peaked at 30, 5V RMS
for the speed of 312rpm, corresponding to the peak air gap ﬂux density of 0.62T which was veriﬁed by FE
simulation. The highest value of the torque recorded during experiments was during the short circuit tests
and the torque peaked at 78Nm for the 50A in HTS ﬁeld winding, 30A RMS armature phase current and at
speed 227rpm.
4. Conclusion
Superwind experimental prototype of a synchronous HTS machine with the HTS ﬁeld winding was
designed, constructed and successfully tested. The setup proved to be highly versatile allowing a number
diﬀerent HTS tapes and ﬁeld winding concepts to be tested. TTE was identiﬁed as one of the crucial
elements of any HTS machine (high torque machines) and optimized design was presented which resulted
in more than 10 times lower heat input. Finally, the experimental results have conﬁrmed validity of the
TTE design by loading it with ≈ 80Nm. The IV curves of the coils have conﬁrmed that 1G HTS coils have
performed as expected while the coil design (winding and epoxy curing) of 2G HTS coils need to be revised.
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